1 Recently, the availability of renin cDNA probes has provided further information about the specificity of tissues in the expression of the renin gene. These studies have demonstrated the presence of renin messenger RNA (mRNA) in several tissues in humans, rats, and mice. In all species studied, the juxtaglomerular cells of the afferent arterioles of the kidney are a major site of renin gene expression. Renin mRNA has also been From the Sections of Hypertension (S.C. Makndes, R Mulinari, H. Gavras) and Molecular Genetics (V
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ENIN is an aspartyl proteinase with an important function in the regulation of blood pressure and electrolyte balance. Physiological and pharmacological studies of the reninangiotensin system over the last 10 to 20 years have demonstrated the participation of renin in the development of hypertension. Progress in the field of molecular biology has provided new insights into renin gene expression. Earlier studies have shown the presence of renin-like activity in a variety of mammalian tissues. 1 Recently, the availability of renin cDNA probes has provided further information about the specificity of tissues in the expression of the renin gene. These studies have demonstrated the presence of renin messenger RNA (mRNA) in several tissues in humans, rats, and mice. In all species studied, the juxtaglomerular cells of the afferent arterioles of the kidney are a major site of renin gene expression. Renin mRNA has also been 406 HYPERTENSION VOL 12, No 4, OCTOBER 1988 from Bethesda Research Laboratories (Gaithersburg, MD, USA); acrylamide, bisacrylamide, ammonium persulfate, and agarose from Bio-Rad (Rockville Centre, NY, USA); ultrapure urea from ICN (Cleveland, OH, USA); oligo-(dl>cellulose Type 7 and Sephadex G-50 from Pharmacia (Piscataway, NJ, USA); formic acid and dimethyl sulfate from Aldrich (Milwaukee, WI, USA); piperidine from Fisher (Medford, MA, USA); hydrazine from Kodak (Rochester, NY, USA); [a-32 P]deoxycytidine 5'-triphosphate (dCTP) and [-y-32 P]adenosine 5'-triphosphate (ATP) from New England Nuclear (Boston, MA, USA). All other chemicals were of the highest purity commercially available.
Construction of a cDNA Library
Double-stranded cDNA was synthesized from 5 ^tg of poly(A) + RNA by the method of Gubler and Hoffman 10 using a cDNA synthesis kit (Amersham). The cDNA was blunt-ended by sequential digestion with T4 DNA polymerase and Klenow enzyme. Following ligation of EcoKL linkers and digestion with £coRI, the excess linkers were removed from the cDNA by gel filtration in Sepharose CL4B (Sigma). The cDNA was ligated to the EcoKl site of Agtll vector (Stratagene) and packaged in vitro using a packaging extract (Gigapack Gold, Stratagene). The titer of the amplified library was 9 x 10 10 plaque forming units (pfu)/ml.
Probe Preparation
The rat cDNA library was screened with a mouse renin cDNA, a gift from Dr. John Chirgwin. The probe was prepared by the multiprime DNA labeling method 11 using a commercially available kit (Amersham). Briefly, 2 fig of plasmid pmRr49 harboring an 800-base pair mouse renin cDNA 12 was digested with EcoKl, and the insert was excised from low gel temperature agarose and placed in a preweighted Eppendorf tube. Water was added at 3 ml/g agarose, and the mixture was boiled for 7 minutes, followed by incubation at 37 °C for 10 minutes. An aliquot of the solution containing 25 ng of DNA was mixed with random sequence hexanu-' cleotides and the Klenow fragment of DNA polymerase I in the presence of 50 fid [an P]dCTP (3000 Ci/mmol) in a total volume of 50 fi\, as specified by the manufacturer. The reaction mixture was incubated at room temperature overnight. After the addition of 50 pil of 10 mM Tris HC1, 1 mM EDTA, pH 8, the probe was separated from unincorporated nucleotides and agarose fragments by a 20-second centrifugation through a "spin-column" containing Sephadex G-50 Fine. 13 The specific activity of the labeled probe under these conditions was approximately 1 x 10 9 cpm//xg DNA. Before use the probe was boiled for 3 minutes and added to the hybridization mixture.
Screening of a cDNA Library
Approximately 1 x 10 6 pfu in 150 mm Petri dishes were screened on nitrocellulose filters.
14 Prehybridization was performed at 42 °C for 4 hours in 50% formamide, 4x SSPE (1 x SSPE is 180 mM NaCl, 10 mM NaH 2 PO 4 , 1 mM EDTA, pH 7.7), 5x Denhardt (1 x Denhardt is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin), 0.2% sodium dodecyl sulfate (SDS), 200 fig of salmon sperm DNA/ml, 0.05% sodium pyrophosphate. Hybridization was carried out in the same buffer containing a ^-labeled probe, at 42 °C for 18 hours. Filters were washed three times at 20 minutes per wash at 55 °C in 2x SSC, 0.1% SDS (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0). Autoradiography was performed with Kodak x-ray film XAR-5, at -8 0 °C, for 18 hours using intensifying screens (Du Pont, Wilmington, DE, USA). Thirteen positive clones obtained from 1 x 10* pfu were subjected to secondary and tertiary screening. Plaque DNA was purified, 13 and the longest insert was subcloned into pUC19 vector.
DNA Sequencing
DNA fragments were labeled at their 5' ends by the polynucleotide kinase exchange reaction and sequenced by the chemical degradation method.
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Treatment of Animals
Male Wistar rats (Charles River Laboratories, Kingston, NY, USA) weighing 200 to 250 g were assigned to three groups. Group 1 (n = 3) was composed of intact rats, receiving a standard salt diet (0.4% NaCl) and tap water ad libitum for 4 weeks. Rats in Group 2 (n = 3) were subjected to unilateral nephrectomy followed by deoxycorticosterone acetate (DOCA; Percorten, Ciba), 15 mg/kg s.c. twice weekly for 3 weeks, and a 1% saline solution for drinking fluid. Group 3 (n = 4) consisted of rats in which a silver clip (internal diameter, 0.2 mm) was placed around the left renal artery (two-kidney, one clip hypertension, 2K1C). These animals were supplied with a standard salt diet and tap water for 4 weeks. Blood pressure was monitored every week by an automatic photoelectric tail-cuff method (UTC, Woodland Hills, CA, USA). Rats from Groups 2 and 3 had a systolic blood pressure over 200 mm Hg compared with 115 mm Hg in the controls (Group 1) by the end of the protocol. All animals were killed by decapitation upon completion of the protocol, and the kidneys, liver, heart, and brain (except for the cerebral cortex and cerebellum) were removed within 5 minutes, frozen in liquid nitrogen, and stored at -80 °C for further use.
RNA Isolation and Blotting Analysis
Total RNA was extracted by a modified method of Chirgwin et al. 16 Frozen tissue was homogenized to a fine powder under liquid nitrogen, and 2-g aliquots were mixed with 12 ml of Buffer A (5 M guanidine thiocyanate, 50 mM Tris HC1, pH 7.5, and 20 mM EDTA, 0.7 M /3-mercaptoethanol). After homogenization for 50 seconds using a polytron, sodium lauryl sarosine (Sarcosyl) was added to a 0.5% final concentration and the homogenate was forced twice through a 22-gauge needle. The homogenate was mixed with 12 ml of 5.7 M CsCl, 50 mM Tris HC1, pH 7.5, and 20 mM EDTA, loaded into two quick-seal tubes (Model 342413, Beckman, Palo Alto, CA, USA) and centrifuged with slow acceleration in the Type 70.1 rotor at 65,000 rpm for 4 hours at 20 °C. The pellet was washed extensively with 70% ethanol and resuspended in sterile water. An aliquot of purified RNA was measured at 250, 260, 280, and 310 nm. The amount of RNA was calculated from the absorbance at 260 nm after subtraction of the 310-nm absorbance, assuming that 1 optical density 260 nm equals 40 ^.g of RNA. Poly(A) + RNA was obtained through two cycles of fractionation in oligo-(dT)-cellulose. 17 Total RNA (25 /xg) and poly(A) + RNA (5 tig) from rat tissues were analyzed by Northern blot. 18 Samples were electrophoresed on 1% agarose gel prepared in 20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.0, 5 mM sodium acetate, 1 mM EDTA, 0.23 M formaldehyde, and ethidium bromide, 0.5 /ig/ml. The separated RNAs were transferred to nitrocellulose filters by overnight blotting. Filters baked at 80 °C for 2 hours were prehybridized at 42 °C for 4 hours in 50% formamide, 5 x SSC, 0.1 M Na 2 HPO 4 , pH 6.8, 5x Denhardt, 0.1% SDS, and 100 /tg of salmon sperm DNA/ml and hybridized at 42 °C for 18 hours in the same buffer containing a 32 P-labeled rat kidney cDNA probe.
The 480-base pair probe consisted of the insert of the rat renin cDNA clone pUC-RRc4. This plasmid was digested with £coRI, and the excised insert was labeled in low gel temperature agarose as already described. An alternative probe was the full-length renin cDNA from rat kidney obtained from Dr. Kevin Lynch. 19 The plasmid pRen-44 19 was digested with HindUl and BamHl, and the excised insert was labeled as described. The specific activity of the labeled probes was approximately 1 x 10 9 cpmifig DNA. The filters were washed three times at 30 minutes per wash at 65 °C in 0.1 x SSC, 0.1% SDS. The dried filters were exposed to x-ray film (Kodak XAR-5). Removal of the radioactive signal from Northern blots was accomplished by incubating the filters at 95 °C for 5 minutes in 0.1 x SSC, 0.1% SDS, and exposing the stripped filters to x-ray film overnight prior to hybridization with another probe. At least two different Northern blot analyses were performed for different experimental treatments. The integrated band densities on autoradiograms were determined by scanning (Shimadzu, Kyoto, Japan). The rat /3-actin probe used for the control hybridizations of RNA blots was a gift from Dr. Stephen Farmer of Boston University.
Results
The nucleotide sequence of the insert of a rat kidney renin cDNA clone pUC-RRc4 is shown in Figure 1 . The differences between this sequence and a recently published full-length renin cDNA from rat kidney 19 are described in the legend to Figure 1 . The reported distribution and relative abundance of renin mRNA in different tissues of humans, rats, and mice is shown in Table 1 .
Northern blotting analysis of total RNA extracted from rat kidney and brain is shown in Figure 2A . DOCA-high salt (1%) treatment resulted in the Burnham et al. 19 are the following: The sequence in Burnham et al. 19 Symbols indicate abundance of renin mRNA as follows: -= absence; + = traces (barely detectable on blotting analysis of total RNA); + + = small quantities, + + + = moderate quantities; + + + + = large quantities; NA = data not available.
The following designations are used for probes: h = human; r = rat; m = mouse. In addition to these tissues, the use of mouse probes detected no renin mRNA in the following mouse tissues: intestine, 8 pancreas, muscle, tongue, lacnmal, seminal vesicle, preputial, epididymis, coagulating, hardenan, placenta, mammary. 6 •Solution hybridization. tin situ hybridization. disappearance of kidney renin mRNA. This finding was confirmed with poly(A) + RNA ( Figure 3 , Lanes a and b). In 2KJC rats, the ischemic kidney showed a threefold increase in renin mRNA content, whereas the renin mRNA content in the hypertrophied kidney decreased 0.5-fold relative to the control values (see Figure 2A) . Control experiments (see Figure 2B) showed that the tissue levels of actin mRNA were unchanged by the various treatments in the experimental animals.
Treatment of rats with either DOCA-low salt (0.04%) or low salt (0.04%) alone caused a 1.5-fold increase in the level of renin mRNA in the kidney compared with levels in the control animals receiving 0.4% NaCl in their diet (see Figure 3 , Lanes e-g). In contrast, high salt (1%) caused a twofold decrease in renin mRNA content in the kidney (see Figure 3 , Lanes c and d).
Discussion
Recent studies using renin and angiotensinogen cDNA probes showed that some rat tissues expressing the angiotensinogen gene 24 apparently do not express the renin gene (e.g., References 21, 25, 26) . These findings imply that either angiotensinogen is exported from the tissue in question or renin is taken up from the circulation.
To further understand the role of renin in the regulation of blood pressure, we investigated the regulation of its synthesis in normotensive and hypertensive rat models. Since at the initiation of this study the rat renin cDNA probe was not available, we proceeded to isolate and characterize a rat kidney cDNA probe. This probe extends from the poly(A) tract to the codon specifying glycine 308 of the rat renin sequence. 19 Blotting analysis of total RNA showed that the relative abundance of renin mRNA in brain is approximately 20% of that in kidney (see Figure  2A) . The most interesting aspect of this study is the absence of renin mRNA in the kidneys of rats treated with DOCA-high salt (1%; see Figures 2A  and 3 , Lanes a and b). This finding is consistent with previous work showing a 98% suppression of plasma renin activity in DOCA-salt-treated rats over the span of 6 to 9 weeks. 27 This tissue-specific effect suggests either a suppression of renin gene transcription or a rapid degradation of renin mRNA (or both). Uptake of DOCA is mediated by the mineralocorticoid receptor, and its effect on steady state renin mRNA levels may reflect a direct effect on renin gene transcription, as has been documented for other hormone systems. 28 To decouple the effects of DOCA from salt on renin gene expression, rats received high salt (1%) or DOCA-low salt (0.04%) or low salt (0.04%) alone, in their diets. DOCA-low salt or low salt alone led to a small increase in mRNA levels in kidney compared with levels in control animals receiving 0.4% NaCl in their diets (see Figure 3 , Lanes e-g). In contrast to the precipitous decrease in renin mRNA caused by DOCA-high salt (1%; see In agreement with other studies, 26 clipping of the left renal artery (2K1C) caused a threefold increase in the renin mRNA level in the ischemic kidney and a 0.5-fold decrease in renin mRNA content in the hypertrophied kidney, without affecting the renin mRNA levels in brain (see Figure 2A) . Moreover, the content of actin mRNA in both tissues was unchanged by the various treatments (see Figure 2B) .
In summary, we have observed regulation of the renin mRNA levels in renovascular and DOCAsalt-treated rats. DOCA and salt (1%) act synergistically to cause a 20-fold decrease in the steady state renin mRNA level in the kidney. The molecular mechanism underlying this regulation requires further clarification.
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